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Abstract. Predicting whether anthropogenic sources of mortality have negative consequences at the level
of population dynamics is challenged by mechanisms like density-dependent survival that can amplify or
offset the loss of individuals from anthropogenic disturbances. Run-of-river (RoR) hydropower is a grow-
ing industry that can cause frequent mortality of salmonid fry through rapid reductions in streamflow,
leading to stranding on dewatered shores. However, whether individual-level impacts reduce population
growth rates or increase local extinction risk is difficult to predict. We used a stochastic stage-structured
matrix model to evaluate how the timing and magnitude of anthropogenic flow fluctuations impacted
population abundance and extinction risk of coho salmon (Oncorhynchus kisutch), which spend up to 1.5 yr
in many streams regulated by RoR hydropower. We additionally assessed how the timing (spring, winter)
and strength (weak, moderate, high) of natural density-dependent bottlenecks experienced by salmon in
freshwaters tempers or amplifies the potential for RoR-induced mortality to scale to emergent population
dynamics. We compared population sizes and the 45-yr probability of quasi-extinction under 12 scenarios
that varied the frequency (0–20 events per year) and magnitude (1–10% mortality per event) of RoR-
induced flow fluctuations, as well as the timing and strength of density-dependent bottlenecks occurring
during the first year in freshwater. We found that even mild flow fluctuations by RoR hydropower can
impact coho salmon population dynamics, especially if density dependence is weak or occurs early in
freshwater residency (spring). When density dependence was strong and during winter, the potential for
population-level impact was lessened, but populations still declined by 13–42% when RoR-induced mortal-
ity was severe (5–10%) or frequent (10–20 events/yr). We conclude that strong density-dependent survival
bottlenecks could partially mitigate the loss of fry from anthropogenic flow fluctuations, especially if bot-
tlenecks occur late in freshwater residency, but not for all intensities of flow fluctuations. Even with strong
density dependence in winter, our models predict declining populations by up to 70% under strong and
very frequent flow fluctuations, which should serve to caution those tasked with regulating flows in
streams affected by RoR hydropower.
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INTRODUCTION
Many anthropogenic disturbances impact spe-
cies by increasing mortality of individuals, but
whether individual mortality ultimately scales
up to affect species’ abundance or persistence
remains difficult to predict (Fodrie et al. 2014).
Mechanisms of population regulation like
density-dependent growth and survival can act
to buffer populations against natural fluctuations
in environmental conditions and catastrophic
events (Rose et al. 2001). Density dependence
may compensate for some level of individual
mortality and limit population-level conse-
quences of disturbances (Hodgson et al. 2017).
Density-dependent survival, where survival
rates change as a function of the number of indi-
viduals per unit area or volume in a population,
is compensatory when population growth rate
slows at high population densities (Power 1997,
Rose et al. 2001). The presence of compensatory
density dependence allows for sustainable har-
vest of exploited populations, by removing a
proportion of the population that would have
died during natural bottlenecks, and is central to
the management of many species, for example,
kangaroos (McCarthy 1996), palm trees (Freckle-
ton et al. 2003), and especially marine fish popu-
lations (Schaefer 1954, Beverton and Holt 1957,
Hilborn and Walters 1992, Ricker 1992, Myers
2002). Higher compensatory reserve, defined as
the reproductive rate in excess of what is needed
to maintain growth and allowing a population to
sustain stresses (Goodyear 1977), leads to a lar-
ger capacity for populations to maintain produc-
tivity despite additional mortality induced by
anthropogenic removal (e.g., fishing) or distur-
bances (e.g., climate change, habitat degradation;
Grossman and Simon 2020).
Anadromous salmon have complex life cycles
with life stages in both freshwater and marine
ecosystems that expose them to multiple anthro-
pogenic risks, and more than half of the Pacific
salmon populations in the contiguous USA are
currently threatened with extinction (Gustafson
et al. 2007, Walters et al. 2013, Crozier et al.
2019). The main causes of declines are destruc-
tion and degradation of freshwater habitats that
salmon rely on for spawning and rearing, over-
fishing, and deteriorating ocean conditions due
to climate change (Kareiva et al. 2000, Honea et
al. 2016, Cunningham et al. 2018). Most anadro-
mous salmon experience density-dependent bot-
tlenecks during their freshwater residency.
Though the precise timing of such bottlenecks
remains debated and could occur during any
season, most empirical data point toward a
spring or winter density-dependent survival bot-
tleneck (Einum et al. 2006, Zabel et al. 2006, Wal-
ters et al. 2013). For some populations, a
freshwater survival bottleneck occurs during
spring, immediately following fry emergence,
since territorial fry compete for limited territories
and resources (Chapman 1962, Ward and Slaney
1993, Nislow et al. 2004). For other populations,
there is evidence for a survival bottleneck during
winter where habitats that allow parr to survive
conditions like high-flow storm events are lim-
ited (Walters et al. 2013). Similarly, for resident
salmonids, evidence supports the presence of
density-dependent survival bottlenecks in either
the spring (Salmo trutta, Mortensen 1977, Capra
et al. 2003) or winter (Oncorhynchus mykiss, Mitro
and Zale 2002). In either case, higher densities of
juvenile salmon result in lower survival. As such,
disturbances occurring before density-dependent
bottlenecks are less likely to affect emergent pop-
ulation dynamics (Greene and Beechie 2004) due
to compensatory reserve (Goodyear 1977), lead-
ing to the hypothesis that anthropogenic mortal-
ity could be partially or completely offset if it
occurs prior to density-dependent bottlenecks in
a species’ life cycle.
Small-scale run-of-river (RoR) hydropower,
whereby small rivers are dammed to generate
electricity without water storage, is an emerging
industry that has the potential to cause mortality
for salmonid fishes (Gibeau et al. 2017). Small-
scale hydropower, including RoR dams, has been
gaining in importance, with its contribution to
global power generation increasing from 32,000
to 45,000 MW from 2001 to 2010 (Abbasi and
Abbasi 2011). Small-scale RoR hydropower
(hereafter called RoR hydropower) projects typi-
cally have small physical footprints that use low-
head dams to divert a proportion of streamflow
through tunnels that bypass the natural river
channels until reaching powerhouses, where
water is run through turbines to create electricity
and then returned to the river (Anderson et al.
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2014). Run-of-river hydropower operations may
create a range of impacts to stream ecosystems
(Gibeau et al. 2017), including anthropogenic
flow fluctuations (or pulsed flows, Young et al.
2011) that are out of phase, magnitude, and fre-
quency with natural flow regimes (Poff et al.
1997). Run-of-river-induced flow fluctuations
primarily occur when rapid decreases in electric-
ity production lead to the sudden rerouting of
water from the dam into the bypassed river
reach. This creates rapid increases in flow in
bypassed reaches, and a concurrent, sometimes
sharp, decline in flow in reaches immediately
downstream of the powerhouse. The increase in
flow in the bypassed reach has the potential to
displace juvenile fish, increase energy costs, or
scour spawning redds (Harby and Halleraker
2001, Nislow and Armstrong 2012). Simultane-
ously, the decline in flow in the reach immedi-
ately downstream of powerhouses may strand
fish on dewatered river beds or isolate fish in dis-
connected side pools (Nagrodski et al. 2012). Fry
are the most vulnerable life stages because they
are poor swimmers and take refuge along shal-
low stream margins that rapidly dewater imme-
diately downstream of powerhouses (Hunter
1992, Halleraker et al. 2003, Young et al. 2011).
Coho salmon (Oncorhynchus kisutch) are expected
to be particularly vulnerable to operations from
RoR hydropower due to their long residence
time in freshwater and high spatial overlap with
many RoR facilities in the Pacific Northwest
(Popescu et al. 2020). Coho salmon fry are also
more vulnerable to stranding than rainbow trout
(O. mykiss) fry or other anadromous salmon spe-
cies following anthropogenic flow fluctuations
based on studies in both large reservoirs and lab-
oratory experiments (Hunter 1992, Bradford et
al. 1995). This increased vulnerability likely
comes from the tendency of coho salmon fry to
bury deep into the substrate during the day,
which makes them less likely to detect changes
in water levels and avoid stranding (Hunter
1992, Bradford et al. 1995). While many studies
have documented individual-level mortality (or
sub-lethal impacts) arising from hydropower
operations or other forms of river regulation
(Young et al. 2011, Nagrodski et al. 2012, Dibble
et al. 2015), few studies have linked those obser-
vations to quantitative measures of population-
level effects (but see Sauterleute et al. 2016) and
are absent with regard to streams regulated by
RoR dams (Gibeau et al. 2017).
Here we evaluated the potential for anthro-
pogenic flow fluctuations induced by RoR
hydropower in reaches immediately down-
stream of powerhouses to impact population
dynamics of coho salmon using simulation mod-
els integrating freshwater density dependence.
Specifically, we explored the degree to which the
strength and timing of seasonal density-
dependent survival bottlenecks experienced by
salmon during the first year of freshwater resi-
dency may mitigate additional mortality experi-
enced by fry from RoR-induced flow
fluctuations. We built a stage-structured stochas-
tic matrix model, parameterized with data from
the literature, to predict the impacts of a range of
RoR-induced flow fluctuations, on the probabil-
ity of quasi-extinction and population size of
coho salmon under weak, moderate, or strong
density dependence assumptions. A better
understanding of the degree to which natural
density dependence can compensate for mortal-
ity induced by human actions is crucial to guid-
ing effective management strategies for salmon
populations inhabiting regulated rivers (Gross-
man and Simon 2020).
METHODS
Matrix model
We built a stochastic stage-structured matrix
model (Morris and Doak 2002) describing the 3-
yr coho salmon life cycle (Nickelson and Lawson
1998, Bradford et al. 2000). Our model included
density-dependent survival in freshwater and
the effects of simulated anthropogenic flow fluc-
tuations of different frequency and magnitude
on population abundance and dynamics. Adult
coho salmon spawn in their natal freshwater
streams in late fall, eggs incubate over winter,
and fry hatch and emerge in the spring. Juveniles
(termed parr) typically remain in freshwaters
until the following spring, before migrating to
the Pacific Ocean as smolts (at 1.5 yr old), where
individuals spend up to 18 months before
returning to spawn (Groot et al. 1995). We mod-
eled a typical coho salmon population including
three life stages (eggs/fry/parr, parr/smolts,
adults) in a stage-structured stochastic matrix
model with an annual time step, beginning with
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spawning in late fall (Appendix S1: Fig. S1). As a
result, the first life stage (F13) comprised both egg
and fry transitions until the end of the first fall
and the second life stage (a21) included the transi-
tion from parr to smolt, thus encompassing sur-
vival from the end of the first fall, through
leaving freshwaters as smolts and the first six
months of the adult stage in the ocean (Tables 1,
2). Finally, the last stage (a32) comprised three-
year-old adults in the ocean until migration and
spawning in freshwater. We estimated all vital
rates from published data and included stochas-
tic variation in all vital rates and parameters by
randomly drawing rates from probability distri-
butions to include the variability among popula-
tions or through time observed in the data we
collated from the literature (Table 3).
Freshwater density-dependent survival
We estimated the transition probability from
fry to smolt (f(φspr) or f(φwin)) using a density-
dependent survival function derived from data
on 10 coho salmon populations in creeks similar
in size to those regulated by RoR dams in the
Pacific Northwest (i.e., mean creek length =
9 km, mean drainage area = 32 km2), where
out-migrating smolts and returning adults were
counted over several years (Bradford 1995, Kor-
man and Tompkins 2014). We estimated the
number of fry produced in each of the 10 creeks
by multiplying the number of returning adults
(per km of stream to account for the varying
length of streams) by the mean values of sex
ratio, fecundity, and survival to fry emergence
(Table 3). We made the simplifying assumption
to simulate density-dependent survival in fresh-
water between fry (in the first spring) and smolts
(in the second spring), with no density-
dependent survival from egg to fry stages (Brad-
ford et al. 2000). We regressed the density of fry
(Dfry) against the density of smolts (Dsmolt) to
estimate the strength of density-dependent sur-







where α is the number of smolts per fry at the
origin and k is carrying capacity for smolts in the
stream (smolts per km). Carrying capacity for
smolts (k) was set to 15,318 individuals, which
corresponded to the mean k over all 10 creeks
(1702 smolts/km; Bradford 1995, Korman and
Tompkins 2014), scaled to simulate a population
inhabiting a hypothetical stream with an average
9 km spawning and rearing reach. Holding k
constant allowed us to manipulate the parameter
α in the Beverton–Holt relationship to effectively
model the strength of density dependence,
Table 1. Matrix model structure for spring and winter
density-dependent mortality bottlenecks.
Time (t + 1)
Time (t)
Eggs/Fry Parr/Smolt Adults
Eggs/Fry 0 0 F13
Parr/Smolt a21 0 0
Adults 0 a32 0
Table 2. Transition rates and parameter equations for the matrix model.
Transition rate aij Parameter equations
Spring
Fecundity (Eggs to fry) F13 Pfem × Feggs × φem × φRoR_sp × (ƒ(φspr) + -smoltE) × φRoR_sum × φRoR_fall
Parr to smolt a21 φRoR_wi × φoceY2
Smolt to adult a32 φoceY3
Winter
Fecundity (Eggs to fry) F13 Pfem × Feggs × φem × φRoR_sp × φRoR_sum × φRoR_fall
Parr to smolt a21 (ƒ(φwin) + -smoltE†) × φRoR_wi × φoceY2
Smolt to adult a32 φoceY3
Notes: RoR, run-of-river; Pfem, proportion of females; Feggs, number of eggs per female; φem, survival from hatching to emer-
gence; f(φf_spr), density-dependent survival of fry through spring bottleneck; f(φf_win), density-dependent survival of fry through
winter bottleneck; φoceY2, survival of smolt through first summer and fall in ocean; φoceY3, survival of adults in ocean (Year 3);
φRoR_sp, φRoR_sum, φRoR_fall, φRoR_wi, survival of fry and parr after RoR-induced flow fluctuations.
† The parameter smoltE was offset by a year for baselines and scenarios with winter bottlenecks, so that winter and spring
baselines and scenarios could be directly comparable.
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categorized as weak (α = 0.2), moderate
(α = 0.5), and strong (α = 1.0; Fig. 1). Weak and
strong density dependence categories corre-
sponded to the lowest (0.2) and highest (1.0) val-
ues of α observed among the 10 creeks,
respectively, and moderate density dependence
was the average α of all 10 creeks (0.5). We lim-
ited the parameter α to a maximum of 1 to avoid
unrealistic overcompensation at low fry abun-
dance, given that the density-dependent function
only describes survival between fry-to-smolt
stages. We defined weak density dependence as
when the slope of the fry-to-smolt relationship
was low (i.e., α was small), such that more fry
were required to produce the maximum possible
number of smolts (i.e., reach asymptote k in the
Beverton–Holt relationship). In that case, the
population trajectory would thus be highly sensi-
tive to fry dying from anthropogenic mortality
like RoR-induced flow fluctuations. Conversely,
strong density dependence (illustrated by α = 1)
implied that a low number of fry was sufficient
to produce the maximum number of smolts (k)
supported by the creek, and thus, more fry could
die due to flow fluctuations without affecting the
overall population dynamics. We added varia-
tion in smolt survival (smoltE) following the
density-dependent bottleneck by adding a trun-
cated normally distributed error term, N(0, σ).
All simulations were performed in the R lan-
guage (version 3.5.1, R Core Team 2013; see Data
S1 for model simulation R code).
We developed the model to compare both how
the strength of density dependence (weak,
Table 3. Description of vital rates included in the matrix model.
Vital rate or
parameter Symbol Description Mean (SD) Distribution Notes Data
Sex ratio Pfem Proportion of
spawning
females
0.452 (0.009) Beta† Mean of
2 creeks
Holtby and Healey
(1990), Spidle et al.
(1998)
Fecundity Neggs Number of eggs
per female

















0.0604 (0.00227) Beta† Geometric mean
of 3 wild creeks
Korman and
Tompkins (2014),




























































Note: . . ., not applicable; RoR, run-of-river; SD, standard deviation.
† We used the following parameterization: α = [(1 − μ)/(var − 1/μ)] × (μ)2 and β = α × (1/μ − 1).
‡ We included a temporal autocorrelation of 0.6 from the previous year to reflect the long-term trends observed in ocean sur-
vival due to large-scale climatic events like the El Niño Southern Oscillation and Pacific Decadal Oscillation (Bradford et al.
2005). The ocean survival rate was then split for each brood year between the six months of ocean survival in Year 2 (φoceY2)
and 12 months in the ocean of Year 3 (φoceY3).
§ Truncated between −0.27 and 0.27; 0.27 = mean ratio between residuals from the 10 fits of the Beverton–Hold relationship
standardized by each creek’s respective carrying capacity.
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moderate, or strong) and the timing of the bottle-
neck (spring or winter) impacted the capacity of
populations to compensate for anthropogenic
mortality. We varied the seasonal timing of a sin-
gle density-dependent bottleneck by attributing
all density-dependent survival to either Spring or
Winter given that those two periods are the ones
considered most likely for density-dependent
survival in freshwater (Einum et al. 2006, Zabel
et al. 2006, Walters et al. 2013) and assumed the
remainder of freshwater survival to be density-
independent similar to other studies (Zabel et al.
2006). We partitioned fry-to-smolt survival into
two transition rates (F13, a21) that correspond
with the first and second year, respectively.
Scenarios of RoR-induced flow fluctuations
Flow fluctuations created by the operation of
RoR hydropower facilities vary in frequency,
magnitude, and timing throughout the year, but
almost no data exist in the peer-reviewed litera-
ture to quantitatively describe their characteris-
tics (Gibeau et al. 2017). As a result, we
developed scenarios by varying the timing and
frequency of anthropogenic flow fluctuations
using existing data from a selection of monitor-
ing reports submitted to government agencies
responsible for regulating the RoR hydropower
industry in British Columbia (BC), Canada
(Appendix S1: Table S1). The definition of
reported flow fluctuation events differed slightly
by creek, but generally were marked by water
levels dropping faster than a site-specific mini-
mum (usually vertical height of 2.5 cm/h) for
periods longer than 10 min, after at least 24 h of
stable water levels. Given these criteria, the
events reported by plant managers are likely
underestimates of all anthropogenic flow fluctua-
tions created by flow regulation. We found that
between 0 and 21 events occurred per creek
every year (overall mean of 9  5 events per
year, Appendix S1: Fig. S2). Most events
occurred in the fall (mean of 37%), followed by
summer (mean of 29%), spring (mean of 20%),
and winter (mean of 14%; Appendix S1: Fig. S2).
There are very few published estimates linking
records of stranded fish to population-level esti-
mates of fry mortality in streams regulated by
RoR dams or larger reservoir-storage systems.
For example, Almodόvar and Nicola (1999)
attributed rapid declines in density (−50%) of
brown trout over one year to drastic daily flow
fluctuations (at times, water depth changed by
0.3 m over a few minutes) downstream of a
small RoR dam that lead to the loss of suitable
habitat. Other studies below larger reservoir-
storage dams point to the potential for high mor-
tality of juveniles after flow events. Bauersfeld
(1978) estimated 1.5% of chinook (Oncorhynchus
tshawytscha) and coho salmon fry mortality per
Fig. 1. Number of smolts produced under weak (α = 0.2), moderate (α = 0.5), and strong (α = 1) density
dependence as derived with Beverton–Holt equations using data from 10 creeks (in light gray) in the USA and
Canadian Pacific Northwest. Carrying capacity (k) was fixed at 15,318 smolts over nine km of river.
 v www.esajournals.org 6 August 2021 v Volume 12(8) v Article e03684
FRESHWATER ECOLOGY GIBEAU AND PALEN
flow fluctuation event downstream of a large
dam and concluded that a total loss of 59% of the
salmon fry population could have occurred over
a single season. Similarly, a study in a reservoir-
storage system with large daily fluctuations in
flow reported an 80% decline in juvenile Atlantic
salmon densities of over four years (Ugedal et al.
2008), and stranding mortality rates between 5%
and 90% were used for a study with Atlantic sal-
mon in Norway (Sauterleute et al. 2016). Thus,
based on these few studies, we estimate that a
single flow fluctuation event could lead to
between a 1% and 10% mortality of fry.
We created 12 scenarios with varying fre-
quency and magnitude of RoR-induced flow
fluctuation to encompass a wide range of possi-
ble consequences for coho salmon populations
(Table 4). The 12 flow fluctuation scenarios were
combinations of four different annual frequen-
cies, low (n = 1–5 events), mid (n = 6–10 events),
high (n = 11–15 events), and very high (n = 16–
20 events), paired with three magnitudes of fry
mortality per event, high (mean of 10%), mid
(mean of 5%), and low (mean of 1%; Table 3,
Fig. 2). Within each frequency category (low,
mid, high, very high), we randomly drew the
number of events from a uniform distribution for
each year, with events distributed seasonally
using the proportions calculated from observed
data in BC (i.e., 20%, 29%, 37%, and 14% of
events occurring in Spring, Summer, Fall, and
Winter, respectively, Appendix S1: Fig. S2). Simi-
larly, we randomly drew the survival of juveniles
during RoR-induced flow fluctuations from a
beta distribution using a mean survival of
99%  1% for the low, 95%  1% for the mid,
and 90%  1% for the high magnitude scenarios.
We classified the 12 scenarios into three groups
(low, mid, and high impacts) based on the mini-
mum survival possible if frequency of flow fluc-
tuations was maximum and magnitude average
on each year (Table 4). Given the lack of precise
population-level mortality rates, our scenarios
thus model a wide range of mortality that span
from small impacts of minor and rare fluctua-
tions (L-L scenario) to worst-case scenarios with
very frequent and damaging flow fluctuations
still within the range of the extremes reported in
the literature cited above (VH-H scenario).
We compared populations simulated under the
12 scenarios of RoR-induced flow fluctuations to
baseline populations that were parameterized in
the same way (i.e., with the same strength and
timing of density dependence) but not subjected
to the influence of additional mortality from RoR
hydropower (Fig. 2). We included an initial burn-
in period of 10 yr without stochasticity to allow
simulated populations to reach equilibrium and
then ran each simulation for 45 additional years
(15 generations, of 3-yr cohorts). We started all
simulations with an initial population size of 500
adults over a hypothetical 9 km river and derived
the starting number of fry and smolts by using
the stable age distribution of the deterministic
model without density dependence. We repeated
each combination of strength and timing of den-
sity dependence for 10,000 iterations. We com-
pared baseline and RoR-impacted populations
through mean final population size and the 45-yr
probability of quasi-extinction. To capture the
variation from cohort to cohort, the mean final
population size was the average number of
adults over the last two cohorts (years 40–45) of
the simulations. The probability of quasi-
extinction was calculated as the number of times
that the number of adults fell below a threshold
of 92 individuals for three consecutive cohorts
over the 10,000 iterations. This threshold corre-
sponded to the number of adults that would be
produced from smolts at 10% carrying capacity
assuming an average ocean survival of 6.04%
(sensu Crozier et al. 2008).
Elasticity analyses
Sensitivity and elasticity analyses assessed
how population growth or extinction risk chan-
ged relative to variation in individual vital rates
Table 4. The 12 scenarios used in simulations with





Low L-L L-M L-H
Mid M-L M-M M-H
High H-L H-M H-H
Very high VH-L VH-M VH-H
Notes: RoR, run-of-river. Normal font indicates low-
impact scenarios (annual survival >60%), italic font indicates
medium-impact scenarios (annual survival between 45% and
60%), and bold font indicates high-impact scenarios (annual
survival <45%).
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included in the matrix model (Morris and Doak
2002). Elasticity assesses proportional changes in
population growth rate (or extinction risk) aris-
ing from proportional changes in vital rates in
different units (Morris and Doak 2002). When
density dependence was included in a matrix
model, standard elasticity analyses did not apply
since the population growth rate changed as a
function of population density (Morris and Doak
2002). Instead, following Wisdom et al. (2000),
we performed a simulation-based elasticity anal-
ysis by creating 10,000 matrices with vital rates
drawn at random from uniform distributions
between the upper and lower 95% confidence
interval for each vital rate and calculated the
deterministic growth rate (λ) without density
dependence. In this simplified deterministic
model, the density-dependent fry survival (ƒ
(φspr) or ƒ(φwin)) was replaced by deterministic
fry survival in year 1 (φfryY1) and year 2 (φfryY2),
that averaged 7.5%, the mean fry-to-smolt sur-
vival across the 10 creeks used to derive the
Beverton–Holt density-dependent function. We
decomposed variation in lambda with a general
linear model with Gaussian distribution, to predict
the proportional contribution of each vital rate to
the variation observed in lambda, given by the
standardized regression coefficients associated
with each vital rate in the model. By comparing
the standardized regression coefficients, we
inferred the contribution of each vital rate to a pro-
portional change in lambda (Wisdom et al. 2000).
RESULTS
Overall, under all scenarios of flow fluctua-
tions from ROR hydropower, the probability of
quasi-extinction increased and population sizes
declined over 45 yr as compared to the respec-
tive baselines, across all combinations of strength
and timing of density dependence. The magni-
tude of the response at the population level was
more pronounced as pressure from anthro-
pogenic flow fluctuations increased, either by
Fig. 2. Illustration of the 75 different population simulations combining the strength (three levels) and timing
(two levels) of natural density-dependent survival, crossed with run-of-river (RoR)-induced flow fluctuations of
different frequency (four levels) and mortality rate per event (three levels). We also included three baseline sce-
narios with no RoR-induced flow fluctuations, representing three levels of density-dependent survival. We
repeated each combination 10,000 times, and each flow fluctuation scenario was compared to the baseline sce-
nario with the same strength of density dependence. Note that baseline scenarios were identical regardless of the
timing of natural density-dependent survival (e.g., spring vs. winter), as there was no additional mortality
included in these models that would generate different population trajectories.
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more frequent or more severe (higher mortality)
fluctuations. Density-dependent survival bottle-
necks compensated for some, but not all, of the
increased mortality from anthropogenic flow
fluctuations, especially when density depen-
dence was strong or occurred during the winter.
We detail the results from all scenarios below.
Probability of quasi-extinction
Quasi-extinction probabilities in the absence of
RoR-induced flow fluctuations were highest at
0.19 for the baseline population when density
dependence was weak but declined to 0.13 and
0.11 when density dependence was modeled as
moderate or strong (Fig. 3). When we modeled
populations including RoR-induced flow
fluctuations under weak density dependence, the
probability of quasi-extinction increased, espe-
cially for medium (means of 0.5 for spring bottle-
neck and 0.38 for winter bottleneck) and high-
impact scenarios (means of 0.96 and 0.86 for
spring and winter bottlenecks, respectively;
Fig. 3). The probability of quasi-extinction also
increased when we imposed moderate or strong
density dependence, especially when the bottle-
neck occurred in spring or when the magnitude
or frequency of mortality events was high
(Fig. 3). For example, the probability of quasi-
extinction increased by a factor of 5 in high-
impact scenarios (e.g., moderate or strong den-
sity dependence) when the bottleneck occurred
in spring, and by a factor of 2–3 when it occurred
Fig. 3. Probability of quasi-extinction after 45 yr (z-axis) for populations simulated under 12 combinations of
run-of-river (RoR)-induced flow fluctuations of differing frequency (y-axis) and magnitude (x-axis). Rows show
scenarios experiencing density dependence during Spring (a) or Winter (b), and columns indicate the strength of
density dependence, ranging from Weak (left), Moderate (middle), and Strong (right). Probability of quasi-
extinction for the baseline populations with weak, moderate or strong density dependence were 0.19, 0.13, and
0.11, respectively.
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in winter. Under strong density dependence in
the winter, the probability of quasi-extinction
remained at near baseline levels (˜0.2) for all sce-
narios, except for the most extreme scenario
(very high frequency/high magnitude VH-H sce-
nario) that had a probability of quasi-extinction
of 0.36 (Fig. 3).
Population size
Flow fluctuations from RoR hydropower
reduced final population sizes (spawning adults)
across all scenarios, including the full range of
density dependence assumptions, but the largest
declines occurred when density dependence was
weak (mean = −58%), when the natural density-
dependent bottleneck was in the spring (mean =
−53%), or when RoR-induced mortality was high
(mean = −78%; Fig. 4). For example, we
observed a 90% population decline in the high-
impact scenarios with a spring bottleneck, com-
pared to the baseline. Mortality from RoR-
induced flow fluctuations had a particularly
large influence on the population size when den-
sity dependence was weak, with declines from
baseline of an average of 68% (medium) and 99%
(high impact) with a spring bottleneck, and 49%
(medium impact) and 94% (high impact) with a
winter bottleneck. By comparison, final popula-
tion sizes were consistently higher for all scenar-
ios when density dependence was strong
(Fig. 4). When we modeled populations experi-
encing high survival from anthropogenic flow
Fig. 4. Mean final population size (mean number of adults for the last six cohorts, years 40–45) for populations
simulated under the 12 scenarios of run-of-river-induced flow fluctuations of differing frequency (y-axis) and
magnitude (x-axis). Rows show scenarios experiencing density dependence during Spring (a) or Winter (b), and
columns indicate the strength of density dependence, ranging from Weak (left), Moderate (middle), and Strong
(right). Average final size for the baseline populations with weak, moderate or strong compensatory reserves
were 359, 531, and 591 adults, respectively (thick black lines). Note that order of the x- and y-axis is different from
that of Fig. 3.
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fluctuations (survival per event ˜0.99) and the
lowest frequency of flow events, the timing of
density dependence did not influence population
size, regardless of our assumptions about the
strength of density dependence (Fig. 5a). How-
ever, when we increased the frequency and mag-
nitude of flow fluctuations (e.g., medium and
high-impact scenarios), population declines were
always more severe with a spring compared to a
winter bottleneck when density dependence was
moderate or strong (Fig. 5b, c). However, even
under the mildest conditions we simulated
(strong density dependence in the winter), popu-
lation sizes still declined from baseline
abundances by 13–42%, for medium and high-
impact scenarios, respectively.
Elasticity analyses
We found high variation in the influence vital
rates had on the deterministic population growth
rate (λ). Vital rates with the highest simulated
elasticities in our model included the survival of
fry to smolt and ocean survival (standardized r:
0.15, 0.16, respectively), suggesting they have the
largest proportional influence on λ (Fig. 6), fol-
lowed by fecundity (Neggs) and the survival of
fry at emergence (standardized r: 0.051, 0.049,
respectively). The proportion of females (Pfem)
Fig. 5. Final population size (mean number  standard deviation of adults for years 40–45) for populations
experiencing spring (black circles) and winter (white circles) bottlenecks simulated under weak, moderate, and
high density dependence, for (a) low-impact L-L, (b) medium-impact M-M, and (c) high-impact H-H scenarios of
run-of-river-induced flow fluctuations. Average final sizes for the baseline populations with weak, moderate or
strong density dependence are represented with an asterisk (n = 359, 531, and 591 adults, respectively).
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had almost no influence on λ (standardized r:
0.0007).
DISCUSSION
Our results demonstrate that mortality
induced by flow fluctuations from the operation
of RoR hydropower dams has the potential to
affect emergent population dynamics of coho sal-
mon populations. Both the strength and timing
of density-dependent survival during the first
year in freshwater were critical to predicting the
impacts of anthropogenic flow fluctuations for
population dynamics of coho salmon. When den-
sity dependence was weak in the spring or the
winter, even rare and low mortality flow fluctua-
tions substantially increased the probability of
quasi-extinction and decreased population sizes
45 yr later. However, populations experiencing
moderate to strong density dependence had
more capacity to attenuate the loss of fry from
RoR-induced flow fluctuations, especially if den-
sity dependence occurred in the winter. How-
ever, even when we modeled strong density
dependence occurring in the winter, the final
population size for the most extreme scenario of
RoR-induced mortality was 70% smaller
than baseline populations. In turn, smaller popu-
lations would have higher vulnerability to other
anthropogenic disturbances, as well as demo-
graphic stochasticity and extinction (Lande et al.
2003). The limited data we found in the gray lit-
erature about RoR-induced flow fluctuations
(Appendix S1: Fig. S2) suggest that most rivers
regulated by RoR hydropower in the Pacific
Northwest experience annual frequencies of flow
fluctuation events that fall into our low to mid-
impact scenarios (overall mean of 9  5 events
per year). These results suggest that if popula-
tions experience moderate to strong density
dependence, at least some of the mortality
induced by anthropogenic flow fluctuations can
be absorbed by the life history, especially if den-
sity dependence operates primarily in the winter.
However, these empirical data on RoR-induced
flow fluctuations also illustrate that high to very
high frequency of events is possible (maximum
frequency of 21 events experienced in a year),
and our modeling suggests that such scenarios
could lead to smaller population sizes and ele-
vated extinction risk for coho salmon, regardless
of the form of density dependence. Our results
indicate that, if survival of individuals is very
low during each RoR-induced flow fluctuation
event, such mortality would overwhelm even the
strongest density-dependent bottleneck, even if it
occurs after the mortality, a result aligned with
findings from a study looking at impacts of cli-
mate change on Chinook salmon density-
dependent survival in freshwater (Crozier et al.
2008a).
Beyond fry mortality induced by anthro-
pogenic flow fluctuations, there are several addi-
tional mechanisms or limitations that could
further impact salmon in rivers regulated by RoR
hydropower that suggest our estimates are con-
servative. For example, RoR-induced flow fluctu-
ations could influence life stages other than fry
and parr in ways not included in our simula-
tions, thus increasing negative pressures on pop-
ulations (e.g., stranding of smolts, Sauterleute
et al. 2016). Other impacts of anthropogenic flow
fluctuations include nest abandonment, redd
scouring, home range reductions, and loss of
habitat connectivity downstream of reservoirs
(Geist et al. 2008, Stradmeyer et al. 2008, Korman
Fig. 6. Simulation-based elasticity values for lower
level vital rates (R2adj = 0.982, P < 2.2 e-16). Fry sur-
vival in year 2 (φfryY2) and adult survival in the ocean
on year 3 (φoceY3) are not presented because they are
fully collinear with fry survival in year 1 (φfryY1) and
smolt survival in the ocean on year 2 (φoceY2), respec-
tively.
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and Campana 2009). Though our models
assumed the same rates of survival over time,
timing of flow fluctuations within diurnal or sea-
sonal cycles may also influence the severity of
consequences for fish populations. For example,
simulations performed by Sauterleute et al.
(2016) showed that population abundance of
Atlantic salmon (Salmo salar) was most reduced
downstream of a hydropeaking reservoir in Nor-
way when flow fluctuations occurred during
winter daylight hours. Flow fluctuations in win-
ter or spring may have particularly severe conse-
quences for fish populations as negative effects
of high water flows in March was linked to poor
recruitment for fall-spawning brown trout
(Capra et al. 2003, Gouraud et al. 2008, Sabaton
et al. 2008), and high flows are known to cause
egg mortality (Ward and Slaney 1993, Battin et
al. 2007).
Other limitations include our choice of the
Beverton–Holt curve to describe the shape of the
density-dependent relationship between fry and
smolt. The Beverton–Holt convex curve is com-
monly used to quantify freshwater density
dependence for anadromous salmonids (Brad-
ford et al. 2000, Zabel et al. 2006, Crozier et al.
2008b, Thorson et al. 2014). However, a linear or
concave shape to the density-dependent function
may have further mitigated or magnified the
population-level consequences of anthropogenic
stressors by limiting the amount of compen-
satory reserves within the modeled population
(Ratner et al. 1997). The intensity of the mortality
from a flow fluctuation event may also be
density-dependent, as more fry may be pushed
to shallower waters at high densities, thus
increasingly their vulnerability to stranding. Our
models did not include other forms of density
dependence beyond survival, like density-
dependent growth, which often co-occurs with
density-dependent survival (Myrvold and Ken-
nedy 2015). Declines in population size following
density-dependent mortality may be moderated
by density-dependent growth in the remaining
individuals (Keeley 2001), ultimately leading to
higher survival of the bigger individuals (Hurst
2007, Grossman and Simon 2020). For example,
higher parr sizes due to warmer stream tempera-
tures after intensive logging were linked to
higher overwinter survival in Carnation Creek,
Canada, though interestingly, higher parr
abundances did not lead to higher adult abun-
dances or other population-level impacts
(Tschaplinski and Pike 2017). Our models also
depend largely on the choices we made about
the level of fry mortality to attribute to each flow
fluctuation event. We simulated a wide range of
mortality in the absence of robust, reliable data
relating observed mortality from flow fluctuation
events to population density estimates. An
important next step to clarify our modeling
results and conclusions would thus be to collect
such data through empirical research to derive
field-based mortality rates, as well as better parti-
tion density-dependent survival by season or
specific ecological mechanisms. Finally, spawn-
ing adults and juveniles are rarely uniformly dis-
tributed along the length of a stream, and thus,
impacts of flow fluctuations on population
dynamics will also depend on the spatial and
temporal overlap of flow fluctuations and indi-
vidual fishes. Despite having to make simplify-
ing assumptions about these regulated river
ecosystems, our results support the observation
that both the strength and form of density-
dependent survival in wild populations are cru-
cial to estimating, and possibly mitigating,
anthropogenic impacts (Sharma et al. 2005,
Hodgson et al. 2017).
Implications for conservation
Our results highlight that anthropogenic dis-
turbances will have more severe consequences
for coho salmon populations experiencing weak
density dependence, especially if the life cycle
includes a density-dependent survival bottleneck
prior to anthropogenic mortality (Hodgson et al.
2017). For example, populations of resident trout,
which typically have lower fecundity and
weaker density-dependent bottlenecks than
anadromous salmonids, may suffer more from
anthropogenic disturbances (Walters et al.
2013b). The presence, strength, and timing of
periods of density-dependent survival are also
likely to be site-specific, suggesting that different
populations of the same species may experience
density-dependent bottlenecks of different
strength and form (Wainwright and Waples
1998, Rose et al. 2001, Grossman and Simon
2020). Interestingly, this possibility may create
spatial variation in population resilience to
anthropogenic disturbances and may increase
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the odds of meta-populations survival by allow-
ing strongly regulated populations to re-colonize
vulnerable populations (Nickelson and Lawson
1998). The timing and strength of density depen-
dence, as well as which life stages are affected,
also have important implications for the effec-
tiveness of habitat restoration efforts (Greene
and Beechie 2004), which are critical to recover-
ing or maintaining coho salmon populations in
heavily altered systems (Nickelson and Lawson
1998, Oosterhout et al. 2005). For example, our
results suggest that actions that increase freshwa-
ter carrying capacity, especially those that might
restore overwintering habitats (Solazzi et al.
2000), may be especially valuable to increasing
the compensatory reserve of coho salmon popu-
lations in streams regulated by RoR hydropower.
Such actions could lead to increased abundance
and help prevent populations from falling below
quasi-extinction thresholds, similar to what has
been observed for Chinook salmon in the Snake
River basin (Zabel et al. 2006).
Our results highlight the importance of assess-
ing cumulative anthropogenic impacts in order
to properly understand the dynamics of popula-
tions and threats to species’ survival (Hodgson et
al. 2017). The relatively high probability of quasi-
extinction (18%) we calculated for baseline popu-
lations in this study is similar to that experienced
by Chinook salmon (estimated extinction risk of
0.309 for the baseline population, Zabel et al.
2006). Increased variability in extreme flow events
and river hydrology, and additional impacts from
climate change, may further jeopardize the sur-
vival of coho salmon populations in freshwaters
(Ohlberger et al. 2018, Grossman and Simon
2020). Moreover, lower ocean survival due to cli-
mate change could exacerbate the capacity of coho
salmon populations to withstand additional
anthropogenic disturbances, like RoR-induced
flow fluctuations. Such interactions between
water diversion and climate change have been
noted for Chinook salmon in the large Lemhi
River Basin in the USA (Walters et al. 2013a).
CONCLUSION
Our results show that the mortality induced
by flow fluctuations from the operation of RoR
hydropower dams can affect emergent popula-
tion dynamics of coho salmon populations,
particularly if natural density-dependent sur-
vival is weak or if the flow fluctuations are fre-
quent and strong. Our study supports the
conclusion that density-dependent population
regulation is crucially important to consider
when evaluating the potential for negative conse-
quences of anthropogenic disturbances. As a
result, there is a need to better quantify the pres-
ence, timing, and strength of density-dependent
survival bottlenecks for salmonids during their
freshwater residency (Barnthouse et al. 1984), as
well as mortality rates associated with anthro-
pogenic flow fluctuations, especially those regu-
lated by RoR hydropower. These tasks are
particularly difficult given the considerable inter-
annual variation in abundance observed for most
salmonids populations (Beamish et al. 1999,
Jenkins et al. 1999, Bradford et al. 2000). The mit-
igation potential of density dependence and the
high inter-annual variation in population abun-
dance support the need for long-term empirical
datasets on regulated rivers (Rose et al. 2001,
Sabaton et al. 2008, Lobon-Cervia 2009). Such
long-term datasets are generally lacking, as
noted by a comprehensive study of RoR facilities
in BC, where authors concluded that the lack of
monitoring data made it impossible to either con-
firm or quantify the risks from flow fluctuations
by RoR hydropower (Connors et al. 2014).
Nonetheless, the fact that even mild anthro-
pogenic flow fluctuations can influence popula-
tion dynamics of coho salmon should be taken
into consideration for the sound management of
flow fluctuations on regulated rivers and conser-
vation of threatened salmon populations.
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